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Theoretical calculations of electron energy-loss near-edge structure (ELNES) and x-ray absorption near-edge
structure (XANES) of selected wide-gap materials including TiO2, AlN, GaN, InN, ZnO, and their polymorphs
are performed using a first-principles method. Calculations of 39 K and L3sL2,3d edges are made using large
supercells containing 72 to 128 atoms. A core hole is included in the final state, and the matrix elements of the
electric dipole transition between the ground state and the final state are computed. Structures of some meta-
stable crystals are optimized by a plane-wave basis pseudopotential method. Spectral differences in ELNES
and XANES among polymorphs are quantitatively reproduced in this way. The origin of the spectral differ-
ences is pursued from the viewpoint of chemical bondings. Crystallographic orientation dependence of ELNES
and XANES is also examined both by experiment and theory. The dependence is found to be much larger in
K edges than that in L3sL2,3d edges.
DOI: 10.1103/PhysRevB.70.045103 PACS number(s): 71.20.Nr, 78.70.Dm, 79.20.Uv, 82.80.2d
I. INTRODUCTION
Fine structures that appear in electron energy-loss near-
edge structure (ELNES) and x-ray absorption near-edge
structure (XANES) provide us information about electronic
structure and chemical bonding around objective atoms in
materials.1,2 ELNES is equivalent to XANES when measured
by an electron energy loss spectrometer (EELS) which is
equipped with transmission electron microscopy (TEM) or
scanning TEM (STEM). Employing modern TEM-EELS or
STEM-EELS, an observation of edge structures with sub-eV
resolution using subnano probe is possible.3,4 Therefore, EL-
NES has the potential to identify electronic and bonding
structures in nano or Å regions, such as atomic-scale thin
films, nanoparticles, and grain boundaries. ELNES is used
mainly on light elements, whereas XANES can be applied to
most elements in the Periodic Table. Although XANES is
inferior to ELNES in spatial resolution, it is superior in the
lower detectable limit. By employing the third generation
synchrotron facilities, XANES from ultradilute dopants of a
few ppm level can be obtained with sufficient signal to noise
ratio.5 ELNES and XANES are therefore complementary
tools for modern materials characterization.
In order to fully utilize ELNES and XANES, a good the-
oretical tool to interpret and reproduce the experimental
spectra is essential. Efforts to reproduce ELNES and
XANES have been made using several theoretical
methods.6–10 Cluster calculations on the basis of multiple
scattering theory and molecular orbital theory have been suc-
cessful for many molecular systems.11,12 For crystalline sys-
tems, calculations imposing periodic boundary condition
should be a natural way. However, reproduction of experi-
mental spectra was not always satisfactory in such calcula-
tions. The major reason for the poor reproduction can be
ascribed to the neglect of, or improper treatment of, a core
hole associated with the electronic transition. Electronic
wave functions of the unoccupied bands are significantly
changed by the presence of the core hole.13–15 Unless the
core-hole effect is rigorously included, theoretical calcula-
tions can never reproduce the experimental spectra. It should
also be emphasized that the use of a large supercell to mini-
mize the interactions among core holes is essential. Since the
use of a large supercell is computationally demanding, not
many works have examined the size dependence seriously.
An alternative approach to account for the core-hole effect is
the Z+1 approximation in which the core-hole effects are
introduced by increasing the atomic number (Z) by 1. Lie et
al. succeeded in the reproduction of B-K ELNES from AlB2
and TiB2 using the Z+1 approximation.16,17 But, one must
realize that the Z+1 approximation is not always
appropriate.18,19 Nufer et al. reported the theoretical calcula-
tion of Al-K and Al-L1 ELNES of Al2O3 using the Z+1
approximation.18 They demonstrated that this approximation
is not applicable to the L1 edge. Even when the spectrum
accidentally reproduces the experimental spectrum, estima-
tion of the absolute transition energy is impossible by the
Z+1 approximation.
Quantitative calculation of ELNES and XANES using the
first-principles orthogonalized linear combinations of atomic
orbitals (OLCAO) method was performed by Mo and
Ching.20 They introduce a core hole by removing one elec-
tron at a core orbital and putting one electron to the unoccu-
pied band. The core-hole effect was thereby fully taken into
account in their calculation. They pointed out that supercells
with more than 100 atoms are generally required to minimize
the artificial interactions among core holes. They together
with our group have been using the OLCAO method to cal-
culate ELNES and XANES of many systems and confirmed
its validity and effectiveness.5,20–24 Experimental spectra of
all edges in many crystals have been well reproduced, which
have motivated us to predict unknown ELNES and XANES
prior to experimental measurements.
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In this study, we systematically examine the differences in
spectral shapes of a few polymorphs of five compounds, i.e.,
TiO2, AlN, GaN, InN, and ZnO. The aim of this work is not
only the prediction of the unknown ELNES and XANES, but
also the understanding of the relationship between the spec-
tral shape and chemical bondings among those polymorphs.
Calculations were made for both K and L3sL2,3d edges. The-
oretical spectra were compared with experimental spectra.
Some of the newly measured spectra were reported in a sys-
tematic manner in the present study. Crystallographic orien-
tation dependence of the spectra was examined for the wurtz-
ite compounds. They were also compared with the
experimental spectra reported in the present work.
II. METHODOLOGY
A. Computational procedure
Orthogonalized linear combinations of atomic orbitals
(OLCAO) method was employed to predict and interpret EL-
NES and XANES. This is a first-principles band structure
method based on the density functional theory (DFT) within
the local density approximation (LDA).25 Each atomic or-
bital is expressed as a sum of Gaussian-type orbitals. Core
orbitals can be eliminated from the final secular equation by
an orthogonalization process, which can significantly reduce
the computational time for large complex system.
On the electron transition process associated with ELNES
and XANES, an electronic hole at a core orbital is created,
which is called a core hole. We have demonstrated that the
inclusion of the core hole is indispensable to reproduce the
experimental spectra.13–15 Approximate approaches to intro-
duce the core-hole effect are the Slater’s transition method 26
and the Z+1 approximation.27 In the former approach, a half
hole is introduced in a core-orbital and placed in an unoccu-
pied band. In the Z+1 approximation, the excited atom is
replaced by the next element in the Periodic Table. In this
study, the core-hole effect was fully taken into account in the
self-consistent iterations by removing an electron at the core
orbital and putting it at the lowest band. We use neither the
Slater’s transition method nor the Z+1 approximation. In
order to introduce the core hole in the OLCAO method, the
core states of the excited atom are excluded from the or-
thogonalized process. Both the final state and the ground
state were calculated separately. Theoretical transition energy
was evaluated as the difference in the total energy of the
supercell at the ground state and the final state.
Since the electronic transition responsible for both EL-
NES and XANES follows the dipole selection rule, K and
L3sL2,3d edges reflect the p- and ss+dd-partial density of state
(PDOS), respectively. Therefore, PDOS has often been used
to compare with experimental spectrum.9,16–18 In this study,
however, we have computed the transition matrix between
the final state and the ground state for the theoretical spec-
trum. By calculating the transition matrix, the dipole selec-
tion rule is included automatically. Intensity of a peak sId in
ELNES and XANES is proportional to the transition matrix
which is expressed as follows:
I ~ o
f
ukf uPuilu2ds"v − Ef + Eid , s1d
where Ei and Ef are the orbital energies of the initial and
final state, respectively. P is the momentum operator and "v
is the transition energy. f and i represent wave functions at
the final state and at the ground state, respectively.20 In order
to achieve a high resolution, eight k points in the reduced
Brillouin zone of the supercell were employed in the spectral
calculation. The calculated spectrum is broadening by a
Gaussian function of FWHM=1 eV in order to compare with
experiments.
When we introduce the core hole in the band structure
calculations, large supercells are indispensable to minimize
the interactions among the core holes in the adjacent
eells.20,28 To demonstrate the importance of using a suffi-
ciently large supercell, the size dependence on N-K ELNES
of wurtzite-AlN is shown in Fig. 1. All spectra were calcu-
lated using the above method. Hereafter, the spectrum by Eq.
(1) is called “spectrum at the final state” or simply “theoret-
ical spectrum.” A small supercell results in the inaccuracy of
both the peak positions and relative intensities of the peaks.
A supercell of more than 72 atoms is necessary to reproduce
the experimental spectrum. The calculated spectrum at the
ground state is also shown in the same figure. The “ground
state” spectrum was obtained by calculating the transition
matrix between the unoccupied bands and the core orbital
both at the ground state. The spectrum at the ground state is
far from being satisfactory in reproducing the experimental
ELNES. In this study, we have employed 72- to 128-atom
supercells in all calculations. Using such supercells, the dis-
tance of separation between the core-holed atoms in adjacent
cells is approximately 10 Å.
In order to determine lattice constant for some metastable
phases with no experimental data, the plane-wave basis
pseudopotential (PWPP) method29 was employed because of
its efficiency and accuracy in structural optimization. Primi-
tive cell was employed in the optimization process. Plane-
wave cutoff energies were 380 eV for both oxides and ni-
trides. The optimization was truncated when the residual
forces for the relaxed atoms were 0.05 eV/Å or less. The
lattice parameters used in the present calculation are summa-
rized in Table I.
FIG. 1. Dependence on supercell size of N-K ELNES of wurtz-
ite AlN. “Ground state” theoretical spectrum is made from the ma-
trix elements between the core-orbital and unoccupied bands both at
the ground state.
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B. Experimental procedure
The ELNES and XANES from wurtzite-AlN and -ZnO
powder were systematically measured. Al-L2,3, N-K, and
O-K ELNES were recorded using transmission electron mi-
croscopy with a field emission gun (CM200FEG, FEI Com-
pany) with a CCD camera (GIF, Gatan Inc.) as a spectrum
detector. Aperture size for the entrance of the spectrometer
was 0.6 mm for Al-L2,3 edge and 2.0 mm for both N-K and
O-K edges. Energy resolution as measured by FWHM of the
zero-loss peak was 0.8 and 1.0 eV for each aperture size,
respectively. Although the energy drift was less than 1.0
eV/h, the energy calibration was made using the position of
zero-loss peak which was recorded before and after the mea-
surements.
Al-K and Zn-L3 XANES were obtained at BL-1A and 7A
in UVSOR at the Institute for Molecular Science, Okazaki,
Japan. They were collected in the total electron yield mode at
room temperature using a double-crystal monochromator of
KTP and beryl, respectively. Samples were powdered and
attached to the first photocathode of the electron multiplier
by an adhesive carbon tape to minimize surface charging.
Zn-K XANES was observed at BL01B1 in SPring-8,
Nishi-Harima, Japan. In order to achieve high-energy resolu-
tion, Si(311) double crystals were employed as a monochro-
mator. Fluorescence x rays from a sample were detected us-
ing 19 sets of Ge solid state detectors. Dependence on the
crystallographic orientation of XANES measured using a
(0001) oriented wurtzite-ZnO thin film prepared by a pulsed
laser deposition method on Al2O3s0001d substrate. The spec-
tra were measured using a three-dimensional stage driven by
stepping motors in order to optimize the sample position.
III. RESULTS AND DISCUSSION
A. O-K ELNES of TiO2 polymorphs
Anatase, rutile, and brookite are well known polymorphs
of TiO2 that can be formed as minerals. Rutile and anatase
have been extensively studied for their wide applications as
photocatalysis41,42 and gas sensor.43 Coordination numbers
for Ti and O in the three polymorphs are 6 and 3, respec-
TABLE I. Lattice parameters used in this work.
Rutile Anatase Brookite Wurtzite Zinc blende Rock salt
TiO2 AlN
exp.a exp.a exp.b exp.c exp.d exp.e
a=4.594 Å a=3.784 Å a=9.184 Å a=3.110 Å a=4.439 Å a=4.045 Å
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tively. Both rutile and anatase are tetragonal crystals in
which two Ti-O bonds are longer than the other four Ti-O
bonds. The distortion of the fTiO6g unit is greater in anatase
than that in rutile. Two edges of the fTiO6g unit are shared in
rutile, whereas four edges are shared in anatase. Some ex-
perimental and theoretical O-K ELNES of the two phases
have been reported.6,44 Brookite has a more complicated
structure. The main difference from the other two phases is
that there are six different Ti-O bond lengths in brookite. The
structural distortion of the fTiO6g unit in brookite is greater
than in other two phases. O-K ELNES of brookite have re-
cently been reported by Lazar et al.45
Figure 2 shows O-K ELNES from the three TiO2 poly-
morphs. Differences in O-K ELNES among the polymorphs
appear in the region between 10 and 15 eV from the spectral
onsets. O-K ELNES of rutile has three peaks C, D, and E,
whereas anatase and brookite have two peaks C and D. The
distance between peaks C and D in brookite is smaller than
that in anatase. Below the experimental spectra, theoretical
spectra were displayed. Supercell sizes of 72, 108, and 96
atoms were used for rutile, anatase, and brookite, respec-
tively. Because brookite has two different oxygen sites both
at the 8c site in Wyckoff’s notation, they are labeled as O1
and O2. O-K ELNES from each site were independently cal-
culated and the sum of the two is used as the theoretical
spectrum. Spectral differences among the three polymorphs
of TiO2 are quantitatively reproduced by the theoretical
spectra.46
B. ELNES and XANES of polymorphs for GaN, AlN, InN,
and ZnO
Some nitrides and oxides with a wurtzite structure, such
as GaN, AlN, InN, and ZnO, are wide gap materials that can
be used for optelectronic applications. It is well known that
these compounds transform to rock-salt structure under high
pressures.47 They also exhibit metastable zinc blende struc-
ture under appropriate growth conditions.36,48–51 Properties
of the wurtzite phase as well as their polymorphs have been
extensively studied.36,48–54 ELNES and XANES for the
wurtzite phases have been reported by some researchers,52–63
while only few experiments on the other polymorphs have
been reported.53 In particular, ELNES and XANES for the
rock-salt phases have not been reported, to the authors’ best
knowledge. In this section, we report theoretical predictions
of ELNES and XANES of the three polymorphs of GaN,
AlN, InN, and ZnO. The calculated spectra of the wurtzite
phase will be compared with experimental spectra. Compari-
son will be made for the other polymorphs whenever they
are available. Relationship between chemical bondings and
the spectral differences are discussed.
Structural difference between wurtzite and zinc blende
structure is known to be small. The major one is the manner
of layer stacking sequence. The wurtzite phase has
A,B,A,B,, stacking with a hexagonal unit cell, namely, 2H
structure, whereas the zinc blende phase has A,B,
C,A,B,C,, stacking with a cubic unit cell, namely, 3C
structure. The point symmetry of the tetrahedral unit fAB4g is
also different. fAB4g in the wurtzite structure has a C3v sym-
metry which is lower symmetry than that in the zinc blende
structure Td. The coordination number of all atoms in the
two phases is 4, whereas in the rock-salt phase it is 6.
Figure 3 shows the N-K edges from wurtzite-GaN, -AlN,
and -InN. Experimental spectra of the wurtzite-GaN and
-InN have been reported by Chiou et al.57 and Mkhoyan
et al.,56 respectively. Among the polymorphs, only the N-K
ELNES of the zinc blende GaN have been reported by Katsi-
kini et al.53 Theoretical spectra for the wurtzite phase were
obtained using 108-atom supercells. 128-atom supercells
were employed for calculations in both the zinc blende and
rock-salt phases. As can be seen from Fig. 3, experimental
spectra of the wurtzite compounds are well reproduced by
the calculated spectra. Spectral differences between wurtzite
and zinc blende GaN are found at peaks C and D. Peak C is
sharper, and peak D is less distinctive in the zinc blende
phase. The small differences are also well reproduced by the
present calculation.64
Although the calculated spectra of the wurtzite and zinc
blende compounds look similar to each other, detailed in-
spection reveals that some of peaks in the zinc blende are
sharper than that for the wurtzite phase, such as peaks C and
E. The spectral difference results from the higher order of
symmetry of the structural unit in the zinc blende phase. On
the other hand, the calculated spectra from the rock-salt
FIG. 2. Experimental and theoretical O-K ELNES for TiO2 polymorphs, rutile, anatase, and brookite. Experimental spectra are from
Refs. [6] and [45].
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structure are apparently different from that of the other
phases. This can be ascribed to different coordination num-
ber of atoms in the rock-salt phases.
Figures 4 and 5 show cation L3sL2,3d edges and K edges
from GaN, AlN, and InN. The magnitude of the splitting of
L2 and L3 edges for Ga and In were reported to be 27 and
208 eV, respectively.65 Spin-orbit coupling was not included
in the present calculation. Experimental spectra of InN have
not been reported. Experimental spectra from wurtzite GaN
and AlN are well reproduced by the calculation.
The same trend of spectral difference among polymorphs
as in N-K edges is found. Some of the peaks in the zinc
FIG. 3. Nitrogen K edges for the three polymorphs of GaN, AlN, and InN. Experimental spectra of wurtzite GaN, zinc blende GaN, and
wurtzite InN are from Refs. [57,53], and [56], respectively. Values shown with an arrow at thresholds of experimental spectra refer to original
values in experimental reports before alignment to the theoretical spectra.
FIG. 4. Cation L3sL2,3d edges from three polymorphs of GaN, AlN, and InN. Experimental spectrum of L3 edge of wurtzite GaN is from
Ref. 57.
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blende phases are sharper than that in the wurtzite phases,
and spectral features in the rock-salt phases are different
from those of other phases. However, the first peak in both K
and L3sL2,3d edges of zinc blende is broader than that of
wurtzite. In particular, the first peak becomes a doublet in the
zinc blende AlN. This difference is contrary to the intuition
that a structure with a higher symmetry should have simpler
spectral feature. The origin of this broadening has been in-
vestigated in our previous work on the theoretical calculation
of ELNES of AlN polymorphs. The doublet at the first peak
is caused by the large hybridization of Al p orbitals with d
orbitals.24 In order to estimate the magnitude of the hybrid-
ization, net charges for the cations in the ground state were
calculated by Mulliken population analysis and are listed in
Table II. The net charges in the zinc blende phases were
consistently lower than that in the wurtzite phases. This
means cation-anion bonds are more covalent in the zinc
blende phases. Assuming that the magnitude of p-d hybrid-
ization increases with covalency, this result suggests a
greater p-d hybridization in zinc blende than in wurtzite. The
difference between the two polymorphs is the largest in AlN,
which results in the appearance of a clear doublet in AlN.
Figure 6 shows ELNES and XANES of ZnO polymorphs.
Only experimental spectra from the wurtzite phase are avail-
able. Calculations were performed using the same supercell
sizes as in the nitrides. The spectral feature of Zn-L3 XANES
corresponds to our previous ELNES report.66 The calculated
spectra well reproduce the experimental spectra. The pre-
dicted spectrum for the zinc blende ZnO has a lot of similar-
ity with that of the wurtzite ZnO. The predicted spectra for
the rock-salt ZnO are clearly different from that of other
polymorphs. These trends are similar to that for the nitrides.
C. Crystallographic orientation dependence of ELNES and
XANES
In this section, we show dependence of ELNES and
XANES on the crystallographic orientation. When materials
possess anisotropy in their structure, many physical proper-
ties change with directions.67–69 The change is caused by the
anisotropy in the electronic structures. ELNES and XANES
are effective tools to detect such anisotropy.53,54,58–62 Among
the polymorphs discussed in the previous section, the crys-
tallographic orientation dependence of the ELNES and
XANES can be expected only in the wurtzite phase because
of its hexagonal lattice.
Figure 7 shows results for wurtzite-ZnO. Experimental
Zn-K XANES was obtained using polarized x-rays of which
the electric field is either parallel or perpendicular to the c
axis of the (0001) oriented ZnO thin film. They were denoted
by c iE and C’E, respectively. Theoretical spectra were ob-
tained by resolving the transition matrix in the corresponding
direction. The average of them f2/3sc’Ed+1/3sc iEdg cor-
responds to the non polarized XANES shown in Fig. 6. It can
be noted that peak B1 and C in the nonpolarized Zn-K
FIG. 5. Cation K edges for three polymorphs of GaN, AlN, and InN. Experimental spectrum of wurtzite GaN is from Ref. 57.
TABLE II. Net charge of the cation in each compound with
wurtzite and zinc blende structures as evaluated by Mulliken popu-
lation analysis by separated minimal basis-set calculations.
wurtzite zinc blende
Al in AlN 0.84 0.71
Ga in GaN 0.68 0.59
In in InN 0.66 0.58
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XANES is mainly composed of the parallel components to
the c axis, whereas peak B2 is composed of the perpendicular
components to the c axis. Clear crystallographic dependence
can also be predicted for the O-K edge. Peaks C and D have
their origins from the parallel and the perpendicular compo-
nents, respectively. Contrary to those in K edges, the spectral
changes due to the different incidence orientations are found
to be small in the L3 edge. The reason can be ascribed to
different atomic orbitals that are responsible for K and L3
edges. The K edge reflects mainly p-type orbitals, while L3
edge reflects mainly s- and d-type orbitals. The s orbital is
spherical. Empty 4d and 5d orbitals may not contribute much
to the covalent bonding in those compounds. They are there-
fore less asymmetric.
Figure 8 shows the spatially resolved results on the ni-
trides. Crystallographic orientation dependence of Ga-K
XANES of wurtzite-GaN and N-K ELNES of wurtzite-AlN
were reported by Pan et al.62 and Radtke et al.,58 respec-
tively. The experimental spectra are well reproduced by the
present calculations. Similar to the case of ZnO, spectral dif-
ferences in polarized spectra for L3sL2,3d edges are predicted
to be smaller than that for K edges. Peak B1 and C in cation
K edges of all compounds are due to the parallel components
to the c axis, and peak B2 is mainly composed of the perpen-
dicular components to the c axis. Peak C and D in N-K edges
of all compounds is composed of the parallel and perpen-
dicular components to the c axis, respectively. The origin of
each peak in those nitrides is the same as in the case of ZnO.
IV. SUMMARY
In this study, we have reported theoretical calculations of
ELNES and XANES of TiO2, AlN, GaN, InN, ZnO, and
their polymorphs using first principles OLCAO method. All
calculations were performed by using large supercells of 72
to 128 atoms. The effect of the core hole was fully taken into
account by removing one electron at a core orbital and put-
ting it to the empty band. Calculations of thirty-nine K and
FIG. 6. Experimental and theoretical O-K, Zn-L3, and Zn-K ELNES and XANES from wurtzite, zinc blende, and rock-salt-type ZnO.
FIG. 7. Orientation dependence of Zn-K, Zn-L3, and O-K EL-
NES and XANES of wurtzite ZnO. Thick and thin solid lines rep-
resent spectra for c iE and c’E, respectively.
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L3sL2,3d edges were demonstrated. Results on this study are
summarized as follows.
(1) By investigating the size dependence of the N-K EL-
NES of wurtzite-AlN, we found that a supercell size of more
than 72 atoms is indispensable to treat the core hole ad-
equately. Smaller cell size causes inaccuracy both in the peak
positions and in the relative intensities of the peaks.
(2) O-K ELNES of the three TiO2 polymorphs were quan-
titatively reproduced by the calculations. Spectral difference
between wurtzite and zinc-blende phase was predicted to be
small, whereas that of the rock-salt phase was large. Some
peaks in the zinc-blende phase were predicted to be sharper
than that in the wurtzite phase. This trend is natural because
the zinc blende structure has a higher symmetry than the
wurtzite structure. The first peak of cation K edges and
L3sL2,3d edges were predicted to be broader in the zinc
blende phase. This can be explained by the larger p-d hybrid-
ization in the zinc blende phase. Results of Mulliken popu-
lation analysis were consistent with this idea.
(3) Crystallographic orientation dependence on the EL-
NES and XANES of the wurtzite compounds was investi-
gated. Zn-K XANES was measured using the (0001) ori-
ented wurtzite-ZnO thin film. The spectrum clearly changes
depending upon the direction of the incident polarized x ray.
Orientation dependence was found to be much larger in K
edges as compared to the L2,3sL3d edges. This trend can also
be found in the other three nitrides.
In this paper, we have made a systematic study of a large
number of ELNES and XANES spectra of several important
oxides and nitrides. The results are extremely encouraging.
The calculated spectra agree well with all measured spectra,
thus give credence to the predicted spectra where measured
data are unavailable. Furthermore, the anisotropic properties
of the spectra can be predicted as well. The detailed spectral
features can be interpreted with local bonding structure in a
meaningful way. We are fully confident that this method can
be effectively used as a major characterization tool for ma-
terials with even more complicated structures such as those
found in grain boundaries, interfaces, and surfaces of these
materials.
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